Abstract Disorders of the flexor carpi radialis tendon (FCRt) are often missed even though they are a relatively frequent cause of volar radial wrist pain. They can manifest as tenosynovitis, tendinopathy, synovial sheath cysts with or without scaphoid-trapezoid-trapezium (STT) joint pathology, and partial or complete rupture. Because FCRt disorders often present with non-specific symptoms and a non-diagnostic clinical examination, imaging is often necessary for accurate evaluation and therapeutic planning. Conventional radiography provides good visualization of the neighboring bones and joints, as well as rare intratendinous calcifications. MRI enables evaluation of the FCRt and adjacent anatomical structures with excellent tissue resolution. In comparison, ultrasound (US) evaluation of the FCRt is less commonly described in the radiology literature, despite its affordability, exquisite soft tissue resolution, and the advantages of quick, dynamic diagnostic imaging. This pictorial essay describes and demonstrates the normal anatomy of the FCRt, its US examination technique and normal US appearance, and US findings of clinically relevant FCRt disorders.
Introduction
Disorders of the flexor carpi radialis tendon (FCRt) are still often missed even though they are a relatively frequent cause of volar radial wrist pain. They can manifest as tenosynovitis, tendinopathy, synovial sheath cysts with or without scaphoidtrapezoid-trapezium (STT) joint pathology, and partial or complete rupture [1] . Microtraumatic tendinopathies are closely associated with osteoarthritis of the STT joint, a frequent problem in the elderly population [1, 2] . Inflammatory disorders such as rheumatoid arthritis (RA) can spread to the synovial sheath surrounding the FCRt. Pathologies of the FCRt can also be associated with other synovial proliferative diseases such as pigmented villonodular synovitis (PVNS) [3] . Finally, the FCRt, like any other tendons, can be prone to overuse, trauma, intratendinous calcification or iatrogenic lesions [4] [5] [6] [7] .
Because FCRt disorders often present with non-specific symptoms and a non-diagnostic clinical examination, imaging is often necessary for accurate evaluation and therapeutic planning. Conventional radiography provides good visualization of the neighboring bones and joints, as well as rare intratendinous calcifications. MRI enables evaluation of the FCRt and adjacent anatomical structures with excellent tissue resolution [1, 8] . In comparison, ultrasound (US) evaluation of the FCRt is less commonly described in the radiology literature, despite its affordability, exquisite soft tissue resolution, and the advantages of quick, dynamic diagnostic imaging. Moreover, US is well tolerated by the patient and facilitates diagnostic and therapeutic injections when clinically indicated. FCRt runs in the radial aspect of the wrist, radial to the median nerve (MN). P palmaris longus, FTs flexor tendons, FCU flexor carpi ulnaris. b Proximal wrist. The flexor retinaculum has been incised at its radial aspect and reflected ulnarly (forceps). The median nerve has been removed, exposing the flexor tendons (FTs) and flexor pollicis longus (FPL) within the carpal tunnel. The FCRt has been exposed as it courses over the scaphoid by removing a portion of the retinacular septum. The vertical component of the retinacular septum, which forms the ulnar wall of the FCRt's fibro-osseous tunnel remains intact (V). The septum separates the FCRt from the carpal tunnel. More distally, the FCRt remains covered by the retinaculum and the overhanging tubercle of the trapezium (asterisk), which in this specimen forms an osseous roof over the FCRt. Pi pisiform, FCU flexor carpi ulnaris. c-d Anatomic cross-sectional images. c Distal forearm. d Proximal wrist. Note the proximity of the FCRt to the radial artery (Ra), palmaris longus (P), and flexor pollicis longus (FPL). MN median nerve, FTs flexor tendons, FCU flexor carpi ulnaris, 1st first dorsal extensor compartment, PQ pronator quadratus. Left radial, Right ulnar This pictorial essay describes and demonstrates the normal anatomy of the FCRt, its US examination technique and normal US appearance, and US findings of clinically relevant FCRt disorders.
Anatomy
The flexor carpi radialis muscle (FCRm) originates from the humerus epitrochlea and is located in the anterior forearm compartment. It is a bipennate and biarticular muscle whose myo-tendinous junction begins approximately 15 cm proximal to the radiocarpal joint. The FCRt measures approximately 7 cm in length [2] . It is initially flattened, adopts an ellipsoidal shape within its middle region, and becomes flattened again prior to its insertion. The FCRt descends deep to the antebrachial fascia and courses superficial to the flexor pollicis longus (FPL) (Fig. 1) . The FCRt fibers rotate approximately 180 degrees on themselves, from proximal to distal, clockwise in the right forearm and counterclockwise in the left [9] . Proximally, the sheath of the FCRt consists only of a thin peritenon [2] .
The distal radius is a critical area in orthopedic surgery as it is the site of plate fixation for distal radius fractures. In this region, the palmar cutaneous branch of the median nerve, the palmaris longus tendon, and the median nerve border the FCRt ulnarly. More radial, the FCRt is bordered by the FPL tendon located at depth, followed by the radial artery, brachioradialis tendon, superficial radial nerve and the wrist first extensor compartment [8, 10] (Fig. 2) .
More distally, at the wrist level, the FCRt courses inside a fibro-osseous tunnel (Fig. 3) . Proximally, this tunnel is formed by the scaphoid, the flexor retinaculum, and a vertical retinacular septum originating from the distal pole of the scaphoid and the trapezoid and inserting into the flexor retinaculum. More distally, this tunnel is formed by the trapezium body and tubercle, the flexor retinaculum, and the vertical retinacular septum [2] . This septum separates the FCRt from the carpal tunnel. The distal fibro-osseous tunnel is narrower and the FCRt occupies approximately 90 % of the available space. Also, according to histologic analysis, the FCRt is surrounded in this region by a thicker envelope made up of true synovial sheath [2] . While passing through the tunnel, some tendinous fibres insert to the trapezium tubercle. At its exit of the tunnel, the tendon courses deeper and resumes a more flattened shape prior to inserting onto the base of 2nd and to a lesser extent 3rd metacarpal (Fig. 4) . Anatomic variations of the FCR muscle and FCRt are rare [11] . is displayed in its osteo-fibrous canal. It is surrounded radially by the trapezium body, anteriorly by the tubercle of the trapezium (white curved arrows) and the flexor retinaculum (white arrowheads), ulnarly by the vertical retinacular septum (white arrows). Dorsally, the vertical retinacular septum inserts into the body of the trapezium and constitutes the dorso-ulnar wall of the osteo-fibrous canal. Black curved arrows flexor pollicis longus tendon; black arrowheads median nerve The proximal third of the FCRm is vascularized by the brachial artery, whereas the distal two-thirds is vascularized by the radial artery [11] . The FCR is innervated primarily by the median nerve, however, in more than half of the cases according to a microdissection study, both the median nerve and a branch of the anterior interosseous nerve combine to innervate the FCR [12] .
The FCRm participates in wrist flexion and, to a lesser extent, its radial deviation [13] . It also contributes to the stability of the scapholunate joint. While contracting, the FCR contributes to the supination of the scaphoid and pronation of the trapezium, coapting the scapholunate joint and reducing tension on the dorsal scapholunate ligament [14] .
US examination technique and normal US anatomy
Conventional radiographs should be obtained prior to US as they provide an overview of the osseous and articular structures of the wrist.
US examination technique
Since the FCRt is a superficial structure, a multi-frequency linear probe with high resolution (17-5 MHz) is . This accessory muscle is located deep to the radial artery (white arrowhead) and the FCRt (black arrow), radial to the in flexor pollicis longus tendon (curved arrow) and palmar to the distal end of the radius. In d, the FCRB tendon is seen inserting into the vertical retinacular septum of the FCRt (black arrow). e Sagittal US image showing the relationship between the FCR tendon and the FCRB muscle and tendon. Sc scaphoid Fig. 13 Isolated tenosynovitis. a Sagittal and b axial US images show a normal hyperechoic fibrillar pattern of the FCRt (*), which appears surrounded by an anechoic synovial effusion (small arrowhead). Note localized hypertrophy of the synovial tendon sheath (large arrowhead). The appearance is typical of tenosynovitis without any evidence of associated tendinopathy. The FCRt travels ulnar to the radial artery (RA) and anteriorly to the radius (Rd) and the scaphoid (Sc) recommended for evaluation. Liberal use of US gel will optimize transducer contact despite wrist surface irregularities. The use of a compact linear transducer may assist with visualization of the distal tendon as it courses through its osteofibrous tunnel towards its metacarpal insertion. The US examination is performed with the patient sitting in front of the examiner with the forearm supinated and resting on the examination table. The FCR is systematically scanned from proximal to distal, evaluating the FCRm, musculo-tendinous junction, FCRt and FCRt insertion on long and short axis views (Fig. 5) . Specific attention is directed to the wrist region where the majority of the FCRt pathologies occur. As the FCRt passes under the trapezium tubercle, its pre-insertional portion changes direction, necessitating transducer adjustments to provide better visualization (see details below). Dynamic US examination with wrist flexion and extension can facilitate identification of partial tears or regions of impingement. Whenever there is difficult interpretation, comparison with the contralateral side is mandatory. The sonographic examination is always completed by exploration of neighboring structures as dictated by the clinical scenario.
Color Doppler is routinely obtained to detect the presence of hypervascular changes within the FCRt, its synovial sheath, or adjacent structures. Due to the superficial position of these structures, transducer pressure must be minimized to avoid squeezing the vessels and producing false-negative examination. 
Normal sonographic anatomy
On long-axis views, the FCRm appears as a pennate structure consisting of hyperechoic linear bands (perimysium) located within a hypoechoic background (muscle fibers). On shortaxis views, the muscle is hypoechoic with a "starry night" appearance [15] . The FCR's bipennate structure is more evident at the myo-tendinous junction, where US visualizes the fibroadipose septa (hyperechoic) joining the central aponeurosis (hyperechoic). Mechanical myo-aponeurotic lesions, though extremely rare, can appear in this region [16] .
At the wrist, the FCRt appears hyperechoic and exhibits a typical internal fibrillar echotexture on both short-and long-axis images. The thin, hypoechoic synovial sheath is not seen in normal states (Fig. 6 ). The FCRt is well . In a, note the large erosion (white arrow) of the palmar face of the scaphoid (Sc) due to hypertrophy of the synovial membrane (black arrows) of the radio-carpal joint. Curved arrow flexor pollicis longus tendon. c Sagittal T1-weighted post-gadolinium MR image corresponding to the sagittal US on a, shows hypertrophy and enhancement of the synovial sheath (black arrowheads) of the FCRt (*) and of the synovial membrane (black arrows) of the radio-carpal and midcarpal joints. Note the erosion (white arrow) of the proximal scaphoid (Sc) visualized superficial (palmar) to the scaphoid. At this level, the vertical retinacular septum is more evident on transversal axis and may appear either hyperechoic or hypoechoic depending on the degree of anisotropy (Figs. 7   and 8 ). Inside the FCRt osteofibrous tunnel, the acoustic shadowing from the superficially located trapezium tubercle partially prevents the FCRt US visualization, a situation that is often exaggerated in the presence of STT arthritis. This problem can be at least partially ameliorated by oblique longitudinal imaging obtained by tilting the transducer ulnarly. This technique allows the US beam to reach the tendon by avoiding the bony surface of the trapezium tubercle (Fig. 9) . Imaging the FCRt distal to the trapezium may be even more challenging as the tendon changes direction and therefore appears obscured and hypoechoic due to anisotropy (Fig. 10) . In this region, the FCRt visualization can be improved by dorsally inclining the probe or by bending the wrist at approximately 30°. These two adjustments set the tendon perpendicular to the US beam and can facilitate its assessment to its metacarpal insertion (Fig. 9) .
The flexor carpi radialis brevis (FCRB) is an uncommon accessory muscle found on the volar aspect of the forearm (Fig. 11) . It typically arises as a small muscle from the anterior aspect of the radius and inserts either within the FCR osteofibrous tunnel adjacent to the FCR tendon and onto the retinacular septum, or onto the trapezium after passing through the FCR osteofibrous tunnel [17] . Variation of the FCRt insertion are rare (Fig. 12) .
US may also be utilized to evaluate several neighboring structures, including but not limited to: (1) Ulnarly-the palmaris longus, flexor digitorum superficialis and flexor digitorum profundus tendons, as well as the median nerve and its palmar cutaneous branch, and (2) Radially-the FPL tendon, radial artery, brachioradialis tendon, superficial radial nerve, and the wrist first extensor compartment [18] .
Pathologic sonographic appearance

FCRt disorders associated with degenerative lesions of the STT complex
The FCRt impingement in the region of the STT complex can cause a large spectrum of tendinous lesions, including tenosynovitis (Figs. 13 and 14) with or without tendinopathy, isolated tendinopathy (Fig. 15) , and partial or complete tendon tears. FCRt tenosynovial sheath cysts may also occur and sometimes can communicate with the STT joint [1] .
Clinically, these conditions present as volar radial wrist pain accompanied by palpatory tenderness and variable swelling. Symptoms may be increased by resisted wrist flexion or passive wrist extension.
Inflammatory tendinopathy FCR tenosynovitis is characterized by effusion and/or thickening of the synovial membrane surrounding the FCRt. Tendinopathy is manifested as tendon thickening and heterogenous hypoechogenicity with or without superimposed tearing. When the tenosynovitis is of mechanical origin, the effusion prevails. In contradistinction, when tenosynovitis is associated with RA or other chronic inflammatory disorders, the thickening of the synovial membrane (pannus) prevails (Fig. 16) [19, 20] . Color Doppler allows evaluation of the pannus vascularity and therefore provides a measure of disease activity (Fig. 16) . In chronic cases, the tenosynovial pannus may erode into the adjacent FCRt, resulting in tearing. It is thus important to always carefully evaluate the tendon's integrity to detect even small partial tears. Partial tears are diagnosed when there is partial interruption of tendon fibres whereas complete tendon ruptures appear as a gap in the tendon structure with variably retracted proximal and distal tendon stumps [21] . It is particularly important in the setting of suspected inflammatory disease to evaluate for surface erosions of the scaphoid or trapezium, as these bones lie in close proximity to the affected FCR tendon sheath. Examining the other tendons and the wrist joints then completes the examination.
US can accurately guide a needle diagnostic puncture or therapeutic infiltration of the tendon sheath (Fig. 17) . In cases of infiltration, a 27-G needle is recommended to minimize damage to surrounding structures. If a fluid aspiration is warranted, a larger bore needle (21-G) must be used. US provides real-time and precise localization of the needle in the synovial space. It also minimizes risks of puncturing adjacent structures such as tendons, nerves, or arteries. Moreover, according to several studies, sonographic-guided infiltrations are less painful and better tolerated than those guided by anatomical landmarks [22, 23] .
Tendinopathies related to synovial membrane proliferative pathologies
The FCRt can also be affected by proliferative synovial disorders such as pigmented villonodular synovitis (PVNS). In the nodular or focal type of PVNS, US shows a well-defined heterogenous hypoechoic solid mass adjacent to the tendon. Color Doppler usually shows variable internal flow [24] . US can also determine the relationship between the mass and the neighboring structures such as tendons, vessels, nerves, and bones. In the diffuse type of PVNS, the synovium is significantly thickened, hypoechoic and is often associated with a local effusion. The US appearance of the diffuse type of PVNS (Fig. 18 ) is similar to that of a severe form of RA. In this latter case, the US appearance may suggest PVNS, but either MRI or biopsy is necessary for definitive diagnosis.
Intratendinous calcification
Calcification of the FCRt appears on US as a hyperechoic lesion with variable posterior acoustic shadowing (Fig. 19) . Color Doppler can be use to detect local hyperemia to detect the presence of local inflammation. Fig. 24 Partial tendon rupture. Axial color Doppler sonogram of the palmar wrist shows a tear (black arrowhead) of the radial part of the FCRt highlighted by an irregular and hypoechoic appearance of the tendon associated with a discrete tenosynovitis (black curved arrow). The ulnar part of the tendon (white arrowhead) is normal. The tear is due to penetrating glass foreign body (black arrow) and the latter has a hyperechoic appearance and posterior reverberation artefacts (open arrowheads). The radial artery (white arrow) shows a normal internal flow signal. Rd radius Fig. 23 Complete tendon tear. Acute tear. a-c Sagittal US images, obtained from proximal (a) to distal (c), show a complete FCRt tear secondary to a knife wound. In a, the retracted proximal stump (white arrowhead) is visualized at the level of the proximal part of the pronator quadratus muscle (Pq). In b, note the sharp borders of the distal stump (black arrowhead) that is located just proximal to the distal pole of the scaphoid (Sc). In c, the distance between the ends of the tendon (callipers) can be accurately measured by US and helps in choosing the proper surgical technique. Rd radius; FMs flexor muscles Traumatic tendinopathy and tendon tear Chronic trauma due to irritating bone fragments following radius [5] , scaphoid (Fig. 20) or trapezium [25] fractures, or acute penetrating trauma can lead to tenosynovitis, tendinopathy and, in more severe cases, partial or complete FCRt tears. US can detect the presence of tendinopathy and determine the exact location of the conflict. In addition, US can differentiate partial versus complete tears (Fig. 20) , and measure the gap between tendon stumps in the latter case (Fig. 21) . Color Doppler can show local hyperemia if the tear is recent.
US can also accurately assess traumatic FCRt tears (Figs. 22, 23 ) and localize foreign bodies in proximity to the FCRt (Fig. 24) . Regardless of composition, foreign bodies often appear as hyperechoic fragments with posterior artefacts such as acoustic shadowing and reverberation [26] . They can be surrounded by an abscess when acute or associated with a The synovial sheath (white arrowheads) is hypoechoic, thickened, and hyperemic on color Doppler (black arrowhead) indicating an active local inflammatory process. Tr trapezium granuloma when chronic [27] . Abscesses are heterogenous, irregular, and hyperemic with color Doppler flow, whereas the granulomas are hypoechoic and non-hyperemic [24] .
Bone avulsions of the distal insertion of the FCRt are rare and mainly seen in high-energy trauma (Fig. 25) .
Iatrogenic tendinopathy and tears
The presence of a screw or osteosynthesis plate can irritate the FCRt and cause lesions ranging from tendinopathy or tenosynovitis (Figs. 26 and 27 ) to partial or even complete tears [25, 28] . On US, screws appear as multiple parallel and oblique hyperechoic lines [28] . Osteosynthesis plates appear as elevated hyperechoic lines parallel to the adjacent cortical bone. Posterior acoustic shadowing and/or reverberation typically occur deep to metal screws or osteosynthesis plates. Sonopalpation and dynamic evaluation during wrist flexion/ extension can highlight the conflict between the tendon and hardware, in addition to reproducing symptoms. Color Doppler can show local hyperaemia, supporting the presence of local inflammation.
Tendon ruptures following trapeziectomy can be assessed by US (Fig. 28) as well as these due to corticosteroid infiltrations. Risk factors include intratendinous steroid infiltration and/or significant tendinosis and partial thickness tearing. It should be noted that there might be normal or acquired communication between the STT joint and the FCRt synovial sheath, either on a congenital or degenerative basis [1] . If there is a communication, a steroid injection into the STT joint could diffuse to the FCRt sheath.
Cysts
FCRt synovial sheath cysts appear as a well-defined anechoic or hypoechoic masses, potentially accompanied by internal septa. The presence of a pedicle between the cyst and the synovial sheath confirms its origin. Coupled with color Doppler, US can show local hyperemia indicative of local inflammation (Figs. 29 and 30 ).
Lesions to adjacent structures US allows easy identification of other pathology that may clinically mimic or occur concomitantly with FCRt disorders. In particular, lesions of the palmar cutaneous branch of the median nerve or pseudo aneurysm of the radial artery can mimic symptom of FCRt disorder [18, 29] . Possible preoperative assessment Some surgeons partially or completely transect the FCRt when performing trapeziectomy for patients with 1st carpometacarpal osteoarthritis. Depending on the extent of FCRt removal, the tendon may be used for ligamentous reconstruction about the joint, as well as to fill the empty space left by the trapeziectomy [1, 13, 30, 31] . This ligament reconstruction tendon interposition technique depends on an intact distal attachment of the FCRt. In these cases, US can be used to evaluate the suitability of the FCRt as a graft in the pre-operative assessment. Alternative surgical techniques are available if whether the FCRt is partially or completely ruptured [31] .
Conclusions
US and radiographs are complementary imaging modalities for assessment of volar radial wrist pain with suspected FCRt disorders. Radiographs enable panoramic evaluation of the wrist joints and bones, and may identify STT complex osteoarthritis-the most frequent cause of FCRt lesions. US permits accurate detection and grading of FCRt pathology. Dynamic imaging capabilities permit direct visualization of impingement by hardware or adjacent structures, and can facilitate differentiation of complete and partial tears. US evaluation of the FCRt should include adjacent structures as indicated to assist in the differential diagnosis and assess for associated lesions.
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